Aim/background-In diabetic eye disease the factors leading to compromised circulation and the resulting loss of visual function are poorly understood. Although retinal circulation has been widely investigated, it accounts for only a fraction of total eye blood flow. Blood flow was investigated in the larger vessels feeding the eye in patients with early diabetic retinopathy. Methods-Eleven patients with early diabetes with minimal or no retinopathy and 11 healthy controls were evaluated for retrobulbar blood flow velocity using colour Doppler imaging for the ophthalmic and central retinal arteries. Patients and subjects were tested while breathing room air and again under conditions of isocapnic hyperoxia. Results-Hyperoxia induced a significant change in the central retinal artery end diastolic velocity (EDV) (p = 0.008) and resistance index (RI) (p = 0.032) in normal subjects, but not in diabetic patients. Consequently, during hyperoxia, the diabetic patients were significantly higher for EDV (p = 0.006) and significantly lower for RI (p = 0.002) compared with normal controls. Hyperoxia caused no significant change in either group in the ophthalmic artery; nevertheless, under isocapnic hyperoxia conditions the diabetic patients had lower peak systolic velocity (p = 0.05) and lower RI (p = 0.05) than normal subjects. Conclusions-Imposition of isocapnic hyperoxia produces significant differences in the ophthalmic and central retinal artery blood flow velocities in diabetic patients with early disease when compared with normal subjects. These results demonstrate that diabetic patients with minimal or no retinopathy suVer from irregular ocular vascular function in the major vessels feeding the eye. (Br J Ophthalmol 1997;81:279-282) 
Altered retinal circulation is well documented in diabetic eye disease. 1 2 Presumably, poor oxygen delivery to retinal tissue causes tissue hypoxia, thus provoking angiogenesis. The factors leading to the compromised circulation and the resulting loss of visual function are poorly understood. A better understanding of ocular haemodynamics in diabetes may provide insight into the causes and prospective treatments for this blinding disease.
In the normal eye, tissue hyperoxia is accompanied by vasoconstriction of retinal vessels 3 4 and reduced blood flow. 5 This autoregulatory response controls tissue partial pressure of oxygen (PO 2 ). Several studies have demonstrated that retinal vessels in patients with diabetes mellitus do not demonstrate this same autoregulatory response. Retinal vessels in insulin dependent diabetic patients without background retinopathy, with background retinopathy and with proliferative retinopathy experience less vasoconstriction and less of a reduction in blood flow compared with agematched control subjects under conditions of hyperoxia. 6 7 Harris et al 8 recently confirmed these results. During 100% oxygen breathing, diabetic patients demonstrated no change in arteriovenous dye passage time (AVP), while AVP for normal subjects was significantly prolonged. Interestingly, the diabetic patients also demonstrated an acute improvement in central static contrast sensitivity during hyperoxia, demonstrating for the first time a direct link between tissue hypoxia and visual and vascular changes in diabetes.
While studies of retinal circulation have vastly increased our knowledge of vascular changes in diabetes, retinal vessels supply only a fraction of total blood flow to the eye. 9 An analysis of retrobulbar haemodynamics, such as of the central retinal and ophthalmic arteries, may provide more knowledge about ocular circulation in diabetes mellitus. The purpose of this study was to examine retrobulbar blood flow velocity as measured by colour Doppler imaging in diabetic patients compared with normal control subjects during room air and hyperoxia conditions.
Methods
Eleven insulin dependent diabetic patients and 11 healthy subjects were tested. All subjects and patients participated after signing informed consent to procedures approved by a committee for the protection of human subjects. The research conformed to the tenets of the Declaration of Helsinki.
DIABETIC SUBJECTS
Patients were recruited from the clinical practice of the Retina Service at the Indiana University Medical Center. All subjects presented for routine screening for diabetic retinopathy. Subjects had had insulin dependent diabetes for at least 5 years and no concurrent systemic illness. An ophthalmic examination consisting of history, refraction, visual acuity measurement, slit-lamp, and detailed fundus examination was performed on each subject. Best corrected visual acuity was 20/25 or better for each subject as measured by ETDRS acuity. Fundus examination was performed with a 90 dioptre lens at the slit-lamp and indirect ophthalmoscopy was carried out with a 20 dioptre lens. The level of retinopathy was estimated in each eye. Only eyes with no detectable retinopathy or with haemorrhages and/or microaneursyms grade Ia or less (by the DRS modified Arlie House classification 10 ) and no other signs of retinopathy were included.
NORMAL SUBJECTS
Normal volunteers were recruited from the subject pool at the Indiana University Medical Center. They were selected so that mean age, age range, and sex distribution matched that of the diabetic cohort. All normal subjects had 20/20 or better best corrected visual acuity, no history of ocular or cardiovascular disease, and were taking no systemic or topical vasoactive agents.
COLOUR DOPPLER IMAGING
Retrobulbar blood flow velocity was assessed using colour Doppler imaging (CDI), an ultrasound technique that combines B-scan grey scale imaging of tissue structure, coloured representation of blood flow based on Doppler shifted frequencies, and pulsed Doppler measurement of blood flow velocities. A Siemens Quantum 2000 (Issaquah, WA, USA) with a 7.5 MHz linear phase transducer was used. For this device, energy density is approximately 15 mW/cm 2 in the colour imaging mode, and approximately 77 mW/cm 2 during the spectral analysis mode. Measurements of peak systolic velocity (PSV) and end diastolic velocity (EDV) were taken of the ophthalmic (OA) and central retinal (CRA) arteries. To examine the ophthalmic artery, the sample volume (segment along the transmitted beam chosen for analysis, approximately 1.2 × 1.2 mm) was oriented nasally and superior to the optic nerve, just lateral to and abutting the visible hyporeflective stripe representing the nerve. The central retinal artery was found at the anterior of the optic nerve and the sample volume was placed with its centre about 2 mm behind the surface of the disc. Figure 1 presents a sample CDI image showing the ophthalmic and central retinal arteries. After measurement of the flow velocities, the resistance index (RI) was subsequently calculated ((PSV − EDV)/PSV) by computer for each vessel measured. Recent studies 11 12 have demonstrated good reproducibility for CDI measurement of the vessels evaluated in this study.
Retrobulbar flow velocity measurements were taken while subjects and patients breathed room air and again under conditions of isocapnic hyperoxia created by breathing 100% oxygen. Examination order of room air and hyperoxia were counterbalanced. Two measurements of each vessel were taken during each condition. End tidal oxygen and carbon dioxide were monitored by rapid response gas analysers which sampled the initial portion of the expired air stream. If end tidal carbon dioxide values diminished during pure oxygen inhalation, carbon dioxide was added to the inspired end of the apparatus to maintain patient isocapnia. 13 For the hyperoxia condition, CDI measurements were initiated after the end tidal oxygen expiration levels reached or exceeded 80%.
STATISTICAL ANALYSIS Paired Student's t tests were used to assess changes in CDI measures induced by hyperoxia within each group. Unpaired Student's t tests were used to compare baseline and hyperoxia measurements in normal and diabetic patients. Bonferroni's correction was applied when multiple t tests were performed using a single data set. A p value of < 0.05 was considered statistically significant.
Results
The mean ages for the diabetic patients and the normal control subjects were 29.5 (SD 8.6) and 29.4 (6.3) years, respectively (p = NS). There were six females and five males in each group. Data of all CDI measurements were normally distributed according to the Kolmogorov-Smirnov test.
ROOM AIR
No significant diVerences were found between groups during room air conditions (Figs 2 and  3 ).
HYPEROXIA
During isocapnic hyperoxia, diabetic patients showed no alteration in PSV, EDV, or RI in the central retinal artery (Fig 2) . In contrast, normal subjects demonstrated a significant reduction in central retinal artery EDV (p = 0.008) and a significant increase in central retinal artery RI (p = 0.032) when breathing 100% oxygen. These changes were accompanied by a significant diVerence between the two groups for central retinal artery EDV (p = 0.006) and for central retinal artery RI (p = 0.002) during hyperoxic conditions. Also during hyperoxia, diVerences were found between the groups for ophthalmic artery PSV (p = 0.05) and RI (p = 0.05) (Fig 3) .
Discussion
These results confirm that insulin dependent diabetic patients with minimal or no retinopathy display altered ocular haemodynamics. Under conditions of hyperoxia, the diabetic patients and normal subjects were significantly diVerent for central retinal artery EDV and RI. These diVerences were due in large part to the significant reduction in central retinal artery EDV and significant increase in central retinal artery RI induced by hyperoxia in the normal subjects. Hyperoxia induced no significant change in the ophthalmic artery measures in either group; however, during hyperoxia diabetic patients displayed significantly lower ophthalmic PSV and significantly lower ophthalmic artery RI.
Recent evidence points to good reproducibility of the velocity measurements in the ophthalmic and central retinal artery using colour Doppler imaging. 12 It is important to note, however, that the velocity measurements do not provide a direct measure of flow, as both vessel diameter and velocity are required for this determination. Currently, no technique is available to measure, accurately and noninvasively, retrobulbar vessel diameter. Despite this limitation, good correlation has been found between blood velocity and blood flow both in vivo, using haemodynamic models, 14 and, in vitro, in cerebral vessels. 15 16 Consequently, our results suggest that normal subjects experience reduced blood flow in the retrobulbar vessels during hyperoxia, while diabetic patients show no change.
To our knowledge, no previous research has compared oxygen reactivity in the retrobulbar vessels for diabetic patients versus normal subjects. Hyperoxia induced changes in the retinal vasculature have been widely studied using a variety of testing modalities-blue field entoptic phenomenon, 7 laser Doppler velocimetry, 5 6 and scanning laser ophthalmoscopy. 8 These studies showed that diabetes blunts or abolishes hyperoxia induced vasoconstriction in aVected tissues-that is, retinal blood flow diminishes less than normal or not at all. Our central retinal artery results are predictable from these previous studies. Considerable in vitro and in vivo evidence points to a close correlation of a high resistance index and low end diastolic velocity with increased distal resistance. 14 17 18 Vasoconstriction and reduced flow in the retinal vessels increases vascular resistance distal to the central retinal artery. Our results which showed reduced central retinal artery EDV and increased RI in normal subjects most probably occurred as a result of this increased distal resistance. The lack of central retinal artery response by our diabetic patients suggests that no, or only minimal, change in vascular resistance occurs in these patients, confirming their limited vascular reactivity to hyperoxia.
Previous results have shown significant diVerences in ophthalmic artery resistance index and in central retinal artery flow velocities in diabetic patients compared with normal age-matched control subjects. 19 20 We also found significant diVerences between groups in these vessels, but only during the hyperoxia condition not in room air. In previous studies the patient populations were older and had more advanced disease than in our current report. Hyperoxia apparently exacerbates the vascular diVerences between diabetic patients and normal subjects, presumably by accentuating the diminished autoregulatory capacity in diabetic vessels. Studies have demonstrated that the level of autoregulatory vascular reactivity to 100% oxygen breathing is related to stage of diabetic disease progression. 6 7 These results suggest that the imposition of hyperoxia and the measurement of retrobulbar vascular response may aid in more accurately quantifying the stage of vascular dysfunction in diabetic patients. Such a non-invasive test may be particularly enlightening when used to evaluate patients who exhibit normal retrobulbar flow velocities during room air conditions. Visual function as measured by contrast sensitivity, colour perception, and electroretinogram is known to be depressed in diabetic patients with early disease and good visual acuity. 8 21-23 Tissue hypoxia has been implicated as the cause for this early vision loss associated with diabetes. Our finding that retrobulbar blood velocity diVerences between normal subjects and diabetic patients are seen more clearly under conditions of hyperoxia lends support to this theory. Further study which determined the extent of association, if any, between retrobulbar vascular reactivity to hyperoxia and visual function may provide insight into the mechanism of vision loss associated with the disease.
In summary, institution of isocapnic hyperoxia provides for significant diVerences in the ophthalmic and central retinal artery blood flow velocities in diabetic patients with early disease compared with normal subjects. These results demonstrate that diabetic patients with minimal or no retinopathy suVer from irregular ocular vascular function in the major vessels feeding the eye. The relation of this irregularity to disease progression and concomitant vision loss is a topic requiring further investigation.
